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Utilization of the spatial degree of freedom vastly enhances informational capacity of light at the
cost of stringent requirements on the processing devices. Multi-mode quantum memories constitute
a viable candidate for quantum and classical information processing; however, full utilization of
the assets of high-dimensionality requires a flexible processing technique. We employ a spatially
varying ac-Stark effect to perform arbitrary 1D phase modulation of a coherent spin-wave state
stored in a wavevector-multiplexed quantum memory. A far-field and an interferometric near-field
characterizations of the introduced phase profiles are presented. Additionally, coherence between
temporally separated partial readouts of a single coherent spin-wave state is demonstrated, offering
possible applications in adaptive measurements via conditional spin-wave modulation.
I. INTRODUCTION
An ability to shape and detect spatial and temporal
structure of light lays at the foundations of modern quan-
tum optical technologies [1–7]. In particular utilization of
the spatial degree of freedom offers a tremendous increase
in the dimensionality of the accessible Hilbert space and
information capacity. This asset has been vastly ex-
ploited in quantum optical communication [8–12], quan-
tum memories [13, 14], and information processing [15].
A parallel advent of highly multi-mode quantum memo-
ries [13, 16–18] equipped with the spatial processing ca-
pabilities [19, 20] further enhances the utilization of high
dimensionality opening new avenues towards efficient re-
alizations of communication and computation protocols
e.g. enabling superadditive [21] or adaptive [22] measure-
ments.
While several methods of information processing have
been realized in quantum memories [23, 24], thorough
utilization of the spatial degree of freedom in highly-multi
mode memories demands a flexible method analogous to
spatial light modulators (SLM) widely exploited in the
broad field of optics to modulate the amplitude or phase
of light. In [19, 20] by employing spatially varying ac-
Stark effect [25] simple few-mode operations have been
demonstrated in the discrete domain on a coherent states
of collective atomic excitations – spin-waves as well as
on single spin-wave Fock states, stored as a coherence
between two metastable ground states in a cold 87Rb
ensemble.
Here we characterize a spatial spin-wave modulator
(SSM), allowing engineering of one dimensional (1D) spa-
tial phase of spin-waves stored in a cold atomic memory.
Phase modulation of a spin-wave state inherently trans-
fers to the phase profile of light readout from the memory.
SSM modulation offers flexibility of SLM modulators for
light yet operates in the matter domain enabling long
∗ adam.leszczynski@fuw.edu.pl
interaction times and opening broad possibilities for con-
tinuous domain quantum information processing in quan-
tum memories. A full quantum information framework
is thus built for spin waves in an analogy to electro-optic
and dispersive manipulation of spectro-temporal degrees
of freedom of photons [26].
In the far-field the SSM modulation enables shaping of
the spatial intensity profile of the readout pulse and may
be utilized for memory readout routing or mode match-
ing e.g. for an enhanced coupling to an external photonic
interface. With the ability to introduce parabolic phase
profiles on a µs time scale, the SSM also provides a con-
venient method to dynamically switch between position
– momentum measurement bases expanding quantum
information processing capabilities or aiding fundamen-
tal study of multi-dimensional entanglement [14, 27, 28].
Additionally, with the possibility of temporally sequenc-
ing or splitting the readout of a single coherent spin-wave
state into several light pulses [29–31], an arbitrary phase
modulation could serve in a feed-back loop for adaptive
measurements e.g. enhancing the discrimination of non-
orthogonal states of light [32–36].
Importantly, SSM modulation can be applied in a
broad family of atomic memories as well as based on di-
amond color centers [37], trapped ions [38] or rare-earth
ions doped solids [39, 40], whenever ac-Stark modula-
tion is feasible. While the presented SSM allows one-
dimensional phase modulation, an extension to a subset
of 2D phase profiles is straightforward by using two or-
thogonally placed 1D SSM modules, albeit such 2D pro-
files must be composed as an outer sum of 1D profiles.
In this work we demonstrate SSM modulation capabil-
ities in the continuous domain as well as perform a proof-
of-principle demonstration of a conditional SSM modula-
tion, albeit without active feedback. In particular, SSM
is utilized to compensate a parabolic 1D phase introduced
by a cylindrical lens placed in the readout path of the
memory, enabling simple, indirect far-field characteriza-
tion of the SSM modulation. Additionally, we perform a
direct, spatially resolved, interferometric near-field char-
acterization of the spin-wave phase profile introduced by
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2SSM. In the measurement, interferograms are collected
on an intensified sCMOS camera [41] after interfering
the readout pulse with a weak signal beam which is also
utilized for memory write-in. Near-field imaging of the
memory readout let us also study the spin-wave decoher-
ence due to the spatial intensity noise of the SSM beam,
which is the main factor limiting SSM performance for
large phase shifts.
In the conditional modulation protocol we store a light
pulse as a coherent spin-wave state and split it in the tem-
poral domain. The first part is readout as a coherent light
state which could be measured and provide feed-back in-
formation to engineer SSM modulation of the remain-
ing spin-wave state, shaping the subsequent readouts.
We utilize the protocol without feedback to demonstrate
phase coherence between two temporally separated mem-
ory readouts. The second readout is angularly shifted via
a saw-tooth SSM modulation and the near-field interfero-
grams of both readouts are collected on a single I-sCMOS
camera frame.
II. LIGHT-ATOM INTERFACE
To demonstrate SSM modulation we employ a
wavevector-multiplexed quantum memory [13] realized
in a cold 87Rb ensemble trapped in a magneto-optical
trap (MOT). Fig. 1 conceptually depicts the experimen-
tal setup and operation sequence for the memory and
SSM. The memory itself operates in a lambda system
depicted in Fig. 1 (b), with a strong control beam Ec
detuned ∆ = 20 MHz from the |h〉 = 52S1/2, F =
2, mF = 1 → |e〉 = 52P3/2, F ′ = 2, mF = 0 tran-
sition and a weak signal beam Es two-photon resonant
with |h〉 → |g〉 = 52S1/2, F = 2, mF = −1. The
atoms are initially prepared in the |g〉 state. The control
beam is split and a part is electro-optically modulated
at 6.8 GHz. A modulation side-band is isolated via an
actively stabilized Fabry-Pérot etalon to obtain the sig-
nal beam [13]. Cascade offset locking ensures frequency
stability between control, optical pumping and cooling
lasers [13, 42].
Via ca. 300 ns coincident control and signal beam
pulses the signal beam is mapped onto a coherence
ρgh(x, y, z) ∝ E∗s Ec exp(i∆0t) between the |g〉 and |h〉
ground states, where ∆0 = 2pi × 6.8 GHz corresponds
to their hyperfine structure energy level separation. In
the process, a coherent spin-wave state is created S(r) =
N (r)ρgh(r) exp(−i∆0t), where N (r) corresponds to the
atomic density and r = (x, y, z). Spatial dependence of
the spin-wave is encompassed in its wavevector Ksw =
Kc−Ks with Kc and Ks corresponding to the wavevec-
tors of the control and signal beam respectively. Subse-
quent application of a control beam pulse converts the
stored spin-wave S state into a readout pulse conserving
its transverse phase profile.
III. AC-STARK SPATIAL SPIN-WAVE
MODULATOR
The spatial spin-wave modulator (SSM) relies on a spa-
tially varying ac-Stark effect obtained with a strong SSM
beam, detuned ∆SSM ≈ 1.5 GHz as calculated from the
|h〉 to 52P3/2 centroid. SSM beam intensity profile I(y)
is shaped by a spatial light modulator (Holoeye Pluto
HES 6010) configured for amplitude modulation, as de-
picted in Fig 1 (a). The beam intensity I(y) induces
spatially varying ac-Stark shift ∆acS of the energy differ-
ence between |g〉 and |h〉 inherently changing the phase
accumulation rate of the stored coherence ρgh. This way,
by a proper adjustment of the SLM pattern, beam inten-
sity and pulse duration T , 1D transverse spatial phase
ϕ(y) ∝ I(y)T [43] of a stored spin-wave state S can be
engineered S(r)→ S(r) exp[iϕ(y)].
Note that modulation in the z direction is also possible
in this configuration.
IV. FAR-FIELD CHARACTERIZATION
We shall now harness the flexibility of SSM modula-
tion to demonstrate shaping of the intensity profile of the
memory readout in the far-field. For a proof-of-principle
demonstration, we shall introduce a cylindrical lens in
the readout route of the memory and refocus the read-
out by imposing a phase profile on a spin-wave state while
it is still stored in the memory. With a simple feedback
the required phase modulation could be adjusted to com-
pensate intrinsic optical setup aberrations. Furthermore,
analogous SSM lens phase profiles in 2D could be em-
ployed to dynamically switch between the near-field and
far-field measurements of the memory readout.
A basic idea of SSM compensation is illustrated in
Fig. 2. The memory readout is observed in the far-field
(feff = 50 mm) of the atomic cloud on a camera (Basler
sca1400-17fm). A cylindrical lens (fph = −2000 mm )
compound of tilted plano-convex (f = +500 mm) and
meniscus (f = −400 mm) lenses is introduced in the
near-field of the atomic ensemble. Due to magnifica-
tion M = 4 of the imaging setup, the effective focal
length at the ensemble would appear M2 = 16 times
smaller. With SSM we impose a cylindrical phase pro-
file ϕ±(y) = ky2/(2f±) onto a coherent spin-wave state
stored in the memory. Here k = 2pi/λ, λ = 780 nm.
The sign of an SSM lens can be controlled twofold. On
one hand, a positive (maximal intensity at the center) or
a negative (maximal at the borders) curvature of the SSM
beam intensity profile can be employed directly. On the
other hand, for SSM beam detuning ∆SSM much higher
than the natural line width, the ac-Stark shift ∆acS [vide
energy level diagram in Fig. 1(b)] is inversely propor-
tional to ∆SSM and their signs are opposite [19, 43].
Additionally, the phase-accumulation rate of the stored
spin-wave is generally proportional to ∆acS. Therefore,
switching ∆SSM from blue-detuned to red-detuned alters
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Figure 1. (a) Simplified experimental setup. Spatial spin-wave modulator (SSM) consists of a tapered laser amplifier (BoosTA)
and a spatial light modulator (SLM) configured for SSM beam intensity profile shaping and imaged onto the atomic ensemble –
the heart of a multimode quantum memory. (b) Memory and SSM sequence. Spatial intensity profile of the SSM beam induces
spatially varying ac-Stark shift producing phase modulation of a stored spin-wave state, retained in the readout light pulse.
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Figure 2. Far-field image of the memory readout (a) unal-
tered, (b) with a cylindrical lens introduced in the readout
path. (c) SSM imposes 1D parabolic phase profile onto a
stored spin-wave (d) compensating the cylindrical lens upon
memory readout with efficiency of η ≈ 80 % in terms of pre-
served total energy of the unaltered readout. The spatial fi-
delity between unaltered I0(x′, y′) and compensated I(x′, y′)
readout intensities amounts to F ≈ 96%.
the ac-Stark shift ∆acS from red-shifted to blue-shifted
and consequently reverses the sign of any further imposed
phase.
Altering the total energy of the SSM pulse by control-
ling its power or duration yields precise control on the
magnitude of the SSM phase modulation. Conversely,
with the SSM cylindrical lens phase profile, its focal
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Figure 3. SSM compensation of a cylindrical lens introduced
in the readout path of the quantum memory. (a),(c) SSM
beam intensity profile parabolic in y and flat in z direction,
as registered by a calibration camera placed at a position op-
tically equivalent to the MOT location. (b) SSM lens focus-
ing power proportional to the SSM beam intensity and deter-
mined from the readout beam waist radius w0 in y direction,
in the far-field. Solid line corresponds to a fitted theoretical
model (vide main text).
length can be continuously varied.
With the additional physical lens introduced in the
setup and assuming Gaussian spatial distribution of the
spin-wave amplitude, we may write the far-field ampli-
4tude of the readout beam as
A(x′, y′) ∝ F
[
exp
{
− y
2
w2sw
− Γ(ϕ)
+ i
[
ϕ±(y) +M2ϕph(y)
]}]
(y′
|K|
feff
),
(1)
where wsw is the spin-wave waist radius, ϕph(y) is the
phase introduced by the physical lens and feff is an ef-
fective focal length of the imaging system. Additionally,
we introduce Γ(φ) which corresponds to the total deco-
herence of the spin-wave, caused by the spatial inhomo-
geneities of the SSM beam intensity (for an SSM lens
deviations from a parabolic intensity profile). At this
point, let us make an assumption Γ(ϕ) = γϕ2 which is
described in detail in Sec. VI. The assumption is also
consistent with an observation of how the total readout
intensity I =
∫ |A(x′, y′)|2dx′dy′ scales with the SSM
lens power.
To characterize the quality of the SSM modulation, we
shall consider the efficiency η and the spatial fidelity F
as two figures of merit. The former corresponds to the
percentage of the total readout energy lost due to SSM
modulation, while the later measures how closely the ob-
tained readout amplitude resembles the desired one, ne-
glecting the total intensity loss. For the far-field charac-
terization, we shall consider the modulus of the readout
amplitude either with SSM and the physical lens inserted
|A(x′, y′)| = √I(x′, y′) or unaltered, without neither of
those |A0(x′, y′)| =
√
I0(x′, y′). We achieve the efficiency
of η = I/I0 ≈ 80%, while the fidelity given by a normal-
ized scalar product:
F =
〈|A(x′, y′)A0(x′, y′)|〉x′,y′√〈I(x′, y′)〉x′,y′〈I0(x′, y′)〉x′,y′ (2)
reaches F = 96%. Observed intensities I(x′, y′),
I0(x
′, y′) are depicted in Fig. 2 (d) and Fig. 2 (a) re-
spectively.
Following Eq. 1, the SSM lens focal length can be de-
termined from the readout beam waist radius in the far-
field w0, as depicted in Fig. 3, by fitting the model with
wsw, γ, fph and a factor scaling imposed phase ϕ±(y) to
the beam intensity I(y) as free parameters. Employing
3 µs SSM modulation and a negative SSM beam inten-
sity curvature, focal lengths down to ca. f = ±40 mm
could be obtained. With two orthogonally placed 1D
SSM modulators, such focal lengths would be sufficient
for a dynamic far-field – near-field switching of the mem-
ory readout. The active selection of the measurement
basis is essential in free-space high-dimensional quantum
communication based on Einstein-Podolsky-Rosen steer-
ing [27, 44, 45]. In such a protocol the conjugate position
– momentum bases correspond to the near-field and far-
field respectively.
V. INTERFEROMETRIC
CHARACTERIZATION
To precisely characterize the SSM modulation, we re-
sort to a spatially resolved interferometric measurement
of the memory readout. The readout pulse interferes
with a weak signal beam – a reference field previously
employed in the memory write-in yet now fiber routed as
depicted in Fig. 1 (a), magnified and additionally tilted
ca. 22 mrad. Without SSM modulation, diagonal inter-
ference fringes are registered by a single-photon sensitive
image intensified sCMOS camera placed in the near-field
of the atomic ensemble (effective pixel pitch 3.25 µm)
and operated in the linear amplification regime.
Registered interference pattern can be represented as
p(r⊥) = h(r⊥) cos[K0 · r⊥ + ∆ϕ(r⊥) + ϕ(r⊥)], where
r⊥ = (x, y) and h(r⊥) corresponds to the spatial in-
tensity distribution of the readout, which is affected by
the atomic density and spin-wave to light conversion
efficiency, ∆ϕ(r⊥) denotes residual spatial phase (e.g.
caused by optical setup misalignment or aberrations)
while ϕ(r⊥) represents the phase imposed by SSM. Due
to the constant linear phase K0 ·r⊥, any registered phase
profile ∆ϕ(r⊥) + ϕ(r⊥) remains well separated from the
zero-frequency component in the Fourier domain and can
be easily isolated via a rectangular filter [46]. Denoting
q(r⊥) = exp[i∆ϕ(r⊥)+iϕ(r⊥)] and its Fourier transform
as Q(K), the Fourier transform of p consists of two com-
ponents P (K) = H(K) ∗ [Q(K−K0) +Q∗(−K−K0)],
where ∗ denotes convolution and H(K) is the Fourier
transform of h(r⊥). We select the filter window to con-
tain only the first, positive frequency component. Sub-
sequently applying the inverse Fourier transform results
in an analytical signal h(r⊥) exp[iK0 · r⊥ + i∆ϕ(r⊥) +
iϕ(r⊥)] carrying the spatial phase information. At this
stage, by performing subsequent measurements with and
without SSM modulation, the linear carrier K0 · r⊥ and
residual phase ∆ϕ(r⊥) can be subtracted. The argument
of the remaining expression yields ϕ(r⊥).
Note that in the far-field the readout pulse is focused
to ca. w0 = 8.3 mrad beam waist radius; however, in the
near-field we observe collective emission from the whole
atomic ensemble making the near-field image relatively
weak. Therefore, a camera with an image intensifier
is required to obtain sufficient sensitivity while keeping
the image large enough for a reasonable detection reso-
lution. With ca. 200 frames per second, a single mea-
surement lasts around 50 s. As the employed interfer-
ometer involves a complex quantum memory setup con-
structed across two optical tables, on such time scales the
interferometric phase drift becomes substantial. There-
fore, simple averaging of collected camera frames is un-
feasible. Instead, we perform a post-processing phase
tracking and remove the global phase time dependence
Φ(t) from the Fourier transformed and filtered frames.
These can be further averaged before applying the in-
verse Fourier transform. To perform the phase track-
ing, we calculate the complex dot product of the sub-
5sequent Fourier filtered frames with the first (t0) gath-
ered – reference frame 〈Q(K, t)|Q(K, t0)〉, where now
ϕ(r⊥, t) = ϕ(r⊥) + Φ(t). The argument of such a prod-
uct corresponds to the relative global phase Φ(t) of sub-
sequent frames with Φ(t0) = 0.
For a demonstration of the method capabilities and
SSM performance, let us perform a step phase modula-
tion with a flat profile along x and a rapid phase change
at a chosen y. As demonstrated in Fig. 4 (a), spatial
phase of ca. a half of the spatial extent of the spin-wave
state has been approximately pi–shifted. An exemplary
collected fringe pattern has been depicted in the inset (i)
of Fig. 4 (a). To maintain reasonable signal to noise ra-
tio, all presented near-field data correspond to a selected
region-of-interest (ROI). We select the ROI to be a min-
imal rectangular region bounding 2 standard deviations
of a Gaussian fitted to the image of the memory read-
out without SSM modulation or reference field. Inset (ii)
depicts the phase ϕ(x, y) retrieved from 104 experiment
realizations. The solid blue line in the main plot rep-
resents the phase averaged over x, 〈ϕ(x, y)〉x while the
blue shaded area corresponds to its standard deviation
along x. The red dashed line represents the x average
of the actual SSM beam intensity profile as observed by
an additional calibration camera, arbitrarily rescaled to
match observed phase profiles. The spatial fidelity be-
tween the measured ϕ(x, y) and the expected step phase
profiles ϕ0(x, y) is given by an expression analogous to
Eq. 2 with A → ϕ and yields F = 98%. Efficiency in
terms of the total preserved energy of the SSM modu-
lated versus unaltered readout was η = 77%.
Panel (b) of Fig. 4 depicts the phase profiles of several
cylindrical SSM lenses, averaged over the unaltered x di-
mension. The shaded area corresponds to one standard
deviation along x. A parabolic plane has been fitted to
the retrieved phase ϕ(x, y) to obtain the focal lengths
and the x average of the estimator has been depicted as
the dashed, dash-dotted and dotted lines. Uncertainty
in the focal length estimation has been obtained as a
standard deviation across 10 independent measurements.
The spatial fidelity ranges from F = 95% for f = 82 mm
to F = 98% for f = 163 mm and f = 401 mm. For all
focal lengths efficiency remained above η = 80%.
VI. DECOHERENCE - SSM LIMITATIONS
Due to experimental imperfections, SSM modulation
degrades the efficiency of the spin-wave to light conver-
sion during memory readout. With a far-detuned SSM
beam the main factor contributing to the spin-wave deco-
herence are the inhomogeneities of the SSM beam inten-
sity which may be introduced by scattering on the SLM,
parasitic interference fringes and optical setup imper-
fections. Intensity inhomogeneities transfer to imposed
phase degrading the phase matching of the readout.
Let us begin by observing the SSM beam on the cal-
ibration camera, situated in a position optically equiv-
alent to that of the atomic cloud. We shall fix y and
focus on a single line of pixels along z. Ideally, all pix-
els should have the same value, corresponding to some
beam intensity I0(y); however, imperfections introduce
a z dependent component so the total intensity becomes
I(y, z) = I0(y) + ∆I(z). To remain independent of the
selected SSM pattern, let us treat a line of pixels as a
statistical ensemble. We have observed that a typical
distribution of pixel values is Gaussian with a standard
deviation relative to the mean of ca. 6% for high inten-
sity pixel lines independent of the intensity and growing
for very dim lines up to 30%. Furthermore, the length
of the correlation between pixel values is much smaller
(ca. 37 µm at −3 dB) than the effective MOT length
L ≈ 1 cm. Therefore, let us treat ∆I(z) for each z
as identically distributed independent zero-mean Gaus-
sian random variables (or equivalently white Gaussian
noise) with probability of obtaining a given ∆I value
given by P (∆I(z) = ∆I) = 1/(σ
√
2pi) exp[−∆I2/(2σ2)].
With this assumption we can look at the memory read-
out amplitude A(x, y) after imposing SSM spatial phase
ϕ(y, z) = αI(y, z)T onto the stored spin-wave, where T
corresponds to the interaction time and α denotes the
proportionality factor. Neglecting the z dependence of
the atomic cloud density, the readout amplitude is given
by:
|A(x, y)| ∝
∣∣∣∣∣ 1L
∫ L
0
dz exp{iαT [I0(y) + ∆I(z)]}
∣∣∣∣∣ =
=
∣∣∣∣∫ ∞−∞ d(∆I)P (∆I) exp(iαT∆I)
∣∣∣∣ =
= exp(−1
2
α2T 2σ2),
(3)
Note that while the imposed SSM phase is propor-
tional to the beam intensity ϕ(y, z) = αTI(y, z), the
noise variance scales quadratically σ2 ∝ I20 . Therefore,
the SSM efficiency can be recasted to exp[−Γ(ϕ)] as in
Eq. 1, with Γ(ϕ) = γϕ(y)2. This quadratic Γ(ϕ) depen-
dence is directly confirmed by a near-field interferometric
characterization of the SSM modulated readout. Such
measurement enables direct observation of the decoher-
ence with a spatial resolution. By applying the Fourier
domain filtering we obtained an analytical signal carry-
ing the phase information in its argument as well as the
spatial readout intensity in its modulus h(x, y). Com-
paring the memory readouts with (h(x, y)) and without
(h0(x, y)) SSM modulation, the decoherence factor can
be obtained log[h0(x, y)/h(x, y)]/2. Employing h(x, y)
instead of raw readout images mitigates the influence of
the image noise and removes the constant background.
Fig. 5 depicts the proportionality γ = (4.2± 1.4)× 10−2
of the x average of the decoherence factor to the square
of the imposed phase ϕ(y)2 obtained as a fit to the raw
phase retrieved from an interferometric measurement.
The employed SSM modulation corresponds to an SSM
lens (f = 82± 2 mm) depicted in Fig. 4 (b). Measured γ
factor gives a relative standard deviation of the intensity
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Figure 4. Interferometric measurement of a spatial 1D phase introduced by SSM modulation onto a coherent spin-wave state.
(i) Exemplary observed interference pattern with (ii) corresponding reconstructed spatial phase. (a) Step phase profile averaged
over x as measured (blue line) and expected from the intensity profile of the modulating SSM beam (red dashed line). (b) SSM
parabolic phase profile enables cylindrical lenses to be applied directly to a stored spin-wave. Focal length can be continuously
varied with SSM beam power or modulation time.
(〈∆I2〉)1/2/I0 = (2γ)1/2 = (29± 5)%. It is substantially
higher than the pixel values inhomogeneities (ca. 6%)
observed with the calibration camera. Virtually, with
the camera we should be able to observe all deviations
from the desired intensity pattern; however, in practice
limited camera resolution and precision of its positioning
hinders our ability to observe certain kinds of distortions,
such as very dense fringes which may contribute to the
interferometrically measured 29%.
Ideally, the intensity distribution of the SSM beam in
terms of the probability density function would approach
a delta function centered at the average intensity. As
the incoherent light could be used for SSM modulation
recent methods of engineering speckle intensity distribu-
tions [47] may be perhaps utilized to improve SSM effi-
ciency.
VII. PHASE STABILITY OF THE MEMORY
A coherent spin-wave state can be readout as several
temporally separated light pulses by employing a train
of short control field pulses. With the SSM modulation,
it is possible to alter the spatial phase of the subsequent
readouts. In principle, the modulation of n-th pulse could
depend on the measurement outcomes on 1, . . . , n−1 pre-
vious pulses via a feedback loop. In this way, SSM could
be employed to realize spatially resolved adaptive mea-
surements, opening new possibilities in optical communi-
cation and information processing protocols. Inherently,
quantum memory serving in a such a scheme would be
required to preserve phase coherence between successive
readouts. Here we operate the memory and employ SSM
in an analogous scheme, albeit without feedback, to show
phase coherence between readouts of a temporally split
coherent spin-wave state.
The employed memory and SSM sequence has been
depicted in Fig. 6 (a). The first readout is performed
after 1 µs memory time with a short 200 ns control field
pulse. Further, SSM saw-tooth profile modulation shifts
the transverse wave-vector of the remaining spin-wave
state making the readouts spatially separated in the far-
field. The modulation intensity and time is adjusted to
meet the conditions of a Fresnel surface and obtain linear
phase profile. Second readout takes place after 10 µs
memory time. Both readout pulses are interfered with
the reference field and the fringe pattern is registered in
the near-field on a single I-sCMOS camera frame.
In the Fourier domain parts of the registered inter-
ference pattern corresponding to the first and the sec-
ond readout can be easily separated, as illustrated in the
lower inset of Fig. 6 (b). The vertical dashed line indi-
cates the boundary selected to separate the first read-
out (left) from the SSM shifted second one (right). For
each readout i = 1, 2 we independently track its global
phase Φi(t) across 104 gathered frames. As depicted in
Fig. 6 (b), the global phases Φ1(t), Φ2(t) well overlap
on the scales of the interferometric phase drift. Here for
readability rolling average with a window of 50 frames
(250 ms) has been applied. Filled area around the curves
corresponds to one standard deviation in each rolling av-
erage window. The upper inset depicts the phase differ-
ence ∆Φ(t) = Φ1(t)−Φ2(t) for the first gathered 500 ms
without any averaging. Standard deviation of the phase
difference [Var∆Φ(t)]1/2 ≈ 0.2 rad certifies phase stabil-
ity between subsequent memory readouts.
The residual phase deviation [Var∆Φ(t)]1/2 may orig-
inate from the phase deviation of the signal beam rel-
ative to the control beam, across the period between
the two readouts of ca. 9 µs. Such a deviation may
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Figure 5. Spin-wave decoherence due to the spatial inten-
sity noise of the SSM beam, reconstructed from the mem-
ory readout. The inset portrays a map of the SSM effi-
ciency h(x, y)/h0(x, y) determined from interferometric near-
field patterns of the memory readout with (h(x, y)) and with-
out (h0(x, y)) SSM modulation. Main plot depicts the x aver-
age of the decoherence factor (red line) and its proportionality
(γ) to the square of the SSM imposed phase ϕ(y)2 (dashed
line).
be caused by a slow response of the feedback loop em-
ployed to actively stabilize the Fabry-Pérot etalon which
isolates the 6.8 GHz modulation sideband of the con-
trol beam to produce the signal beam. With the loop
closed, we measured the power of the phase error sig-
nal to be flat −63 dBm in the relevant frequencies range
between 100 kHz and 10 MHz. For the measurement a
spectrum analyzer at the resolution band-width (RBW)
of 1 kHz was employed. Due to 300 ns write pulse dura-
tion any noise is effectively low-pass filtered with a pole at
ca 3.3 MHz. Therefore, the measured phase error power
density was filtered and integrated in the relevant fre-
quencies range corresponding roughly to the time peri-
ods above the write pulse duration and below the read-
outs separation of 9 µs. With the etalon free spectral
range of 10 GHz and finesse of 100, the phase of the
transmitted field deviates at an rate of 1 rad/(50 MHz)
with the detuning from the transmission maximum, in
the linear regime. With the phase error signal scaling of
ca. 200 mV/rad and accounting for additional −30 dB
from RBW, we obtain the RMS deviation of ca. 0.1 rad
for [Var∆Φ(t)]1/2 ≈ [2VarΦ(t)]1/2. This result, together
with possible phase noise contribution from 10 m fibers
carrying the signal and reference beams, justifies the ob-
served value of the residual phase deviation of ca. 0.2 rad.
VIII. CONCLUSIONS
In this work we have brought the ac-Stark spin-wave
modulation technique to the continuous domain, achiev-
ing modulation flexibility in 1D analogous to SLM mod-
ulators for light, yet with the advantage of working in the
matter domain with long interaction time. Both far-field
and a direct, interferometric near-field characterization
of the spatial spin-wave modulator (SSM) reveals excel-
lent spatial fidelity of the imposed phase profiles above
F = 95%. Spin-wave decoherence due to the SSM beam
spatial intensity inhomogeneities, scaling with the square
of the imposed phase is found to be the main factor lim-
iting the SSM performance for large phase shifts. Never-
theless, for demonstrated manipulations relatively high
efficiency around η = 80% was maintained.
We have also proposed a scheme to perform conditional
SSM modulation with a temporally split readout of a
coherent spin-wave state. Such a scheme could be ap-
plied in adaptive measurements. Finally, we employ an
analogous scheme without feedback to demonstrate that
employed quantum memory retains good phase stability
between subsequent partial readouts of a coherent spin-
wave state.
With the demonstrated spatial fidelity and efficiency
SSM should be readily feasible for high-fidelity single-
photon spatial modulation. With the employed quantum
memory, for single-photon states, additional spatial filter-
ing is required [13]; however, simple few-mode ac-Stark
operations in this regime has been successfully demon-
strated [19]. Further improvements of the spatial fidelity
and efficiency of SSM could be achieved by employing a
higher resolution SLM and improving the calibration op-
tical setup. This way, relatively high SSM beam spatial
intensity inhomogeneities (standard deviation of 29%)
could be substantially reduced leading to major improve-
ments in modulation efficiency and extending the range
of feasible phase-shifts.
A broad family of SSM compatible quantum memories
along with additional ac-Stark modulation possibilities
[19, 20] including discrete inter-mode operations on spin-
waves in wavevector as well as temporal domains render
the high-fidelity (F ≥ 95%), flexible SSM modulation a
valuable tool for practical implementations of novel quan-
tum information and communication protocols.
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